4

PNC Y . . Advances in Bioscience and Biotechnology, 2024, 15, 443-461

"“ Scientific https://www.scirp.org/journal/abb
08 Research -

94% Publishing ISSN Online: 2156-8502

o,

ISSN Print: 2156-8456

A Novel and Functional Artificial Bruch’s
Membrane Made of Poly

(e-Caprolactone)/Gelatin for Retinal Pigment
Epithelium Restoration

Lopez Edith?, Silva-Bermudez Phaedraz2, Gonzalez-Salinas Roberto3, Velasquillo Cristina%,
Torres-Romero Abigail3, Lopez-Colomé Ana Marial, Pérez Armando3, Gina Prado-Prone?,
Edgar Ramos-Martinezé, Ivin Ramos-Martinez?, Quiroz-Mercado Hugo3,
Hernandez-Zimbron Luis Fernando8%*

'Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México, Ciudad de México City, México

*Unidad de Ingenieria de Tejidos, Terapia Celular y Medicina Regenerativa; Instituto Nacional de Rehabilitacién Luis Guillermo
Ibarra Ibarra, Ciudad de México, México

*Departamento de Investigacién, Asociacidn Para Evitar la Ceguera, Ciudad de México, México

*Subdireccién de Investigacion Tecnolégica, Instituto Nacional de Rehabilitacion Luis Guillermo Ibarra Ibarra, Ciudad de México,
México

*Departamento de Biologia Celular y Tisular, Facultad de Medicina, Universidad Nacional Auténoma de México, Ciudad de
México, México

®Escuela de Ciencias, Universidad Autdonoma Benito Judrez de Oaxaca, Oaxaca, México

"Departamento de Medicina y Zootecnia de Cerdos, Facultad de Medicina Veterinaria y Zootecnia, Universidad Nacional
uténoma de México, México

8Laboratorio de Investigacion Interdisciplinaria, Area de Optometria, Escuela Nacional de Estudios Superiores Unidad Ledn,
Universidad Nacional Auténoma de México, Leén Guanajuato, México

°Laboratorio Nacional de Optica de la Vision-Centro de Investigaciones en Optica, Le6n Guanajuato, México

Email: *lhernandez@enes.unam.mx

How to cite this paper: Edith, L., Phaedra, Abstract

S.-B., Roberto, G.-S., Cristina, V., Abigail,

T.R., Marfa, L.-C.A., Armando, P., Pra- Purpose: The primary aim of this paper is to design, create, and improve func-
do-Prone, G. Ramos-Martinez, E., Ra-  tional and artificial Bruch’s membranes (BM) using bioengineering techniques,
mos-Martinez, L, Hugo, Q.-M. and Fer-  whijch can be applied in the treatment of maculopathies by supporting the
nando, H.-Z.L. (2024) A Novel and Func- wih d int f retinal pi t itheli (RPE) cells, thereb
vional Artificial Bruch's Membrane Made ~ 87° and maintenance of retinal pigment epithelium cells, thereby
of Poly (&-Caprolactone)/Gelatin for Reti-  Potentially enabling subretinal implantation in patients. Methods: We fabri-
nal Pigment Epithelium Restoration. Ad-  cated by electrospinning ultrathin 3D nanofibrous membranes from Poly-

vances in Bioscience and Biotechnology,  caprolactone (PCL), and different concentrations of gelatin (5%, 15% and 30%).
15, 443-461.

i ARPE-19 cells were seeded onto these artificial membranes. MTT assays were
https://doi.org/10.4236/abb.2024.158027

performed in order to evaluate ARPE-19 cell viability and cytotoxicity. IF assays
Received: March 23, 2024 were realized to observe the ARPE-19 cells onto each membrane. Ultrastructure

Accepted: August 12, 2024 of the modified Bruch’s membrane and ARPE-19 morphology after 25 days of
Published: August 15, 2024

DOI: 10.4236/abb.2024.158027 Aug. 15, 2024 443 Advances in Bioscience and Biotechnology


https://www.scirp.org/journal/abb
https://doi.org/10.4236/abb.2024.158027
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/abb.2024.158027

E. Lopez et al.

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

[ONom

culture were studied with transmission and scanning electron microscopy.
To evaluate expression changes in markers of ARPE-19 (RPE65 and ZO-1)
qRT-PCR assays were realized. Data from three independent experiments were
pooled and expressed as the mean SD. A confidence level of P 0.05 was consid-
ered to be statistically significant. Results ARPE-19 cells grew on PCL/Gelatin
membranes mainly in PCL/30% gelatin combination, which had not cytotoxic
effect. RPE65/cytokeratin-18/ and actin-positive ARPE-19 cells formed a cor-
rectly orientated monolayer of polygonal cells with morphological polarity. The
apical cell surfaces exhibited abundant protruding microfolds. Moreover, zones
of polygonal border look as if ARPE-19 cells fused among, suggesting the pres-
ence of tight junctions. The expression of RPE65 and ZO-1 was unchanged.
Conclusions: PCL/30% Gelatine membranes may imitate the natural BM to
such extent that they support RPE-cells and exhibited RPE-like morphology.
The engineering of a human RPE monolayer with these artificial BM, emulat-
ing the in vivo retina, arouse their potential subretinal implantation in patients
with wet age-related macular degeneration (AMD) where there is a rupture of
the Bruch’s membrane.

Keywords

Artificial Bruch’s Membrane, Electrospinning, ARPE-19 Cells,
Age-Related Macular Degeneration

1. Introduction

This Bruch’s membrane (BM) is an ultrathin, acellular, five-layered extracellular
matrix (ECM), separates the retinal pigment epithelium (RPE) from the chori-
ocapillary lamina of the choroid and supports RPE cells and the choriocapillary
endothelial cells. This special ECM undergoes significant age-related changes
involved in age related macular degeneration (AMD) and other chorioretinal
diseases [1]-[3].

AMD is a well-characterized disease, recognized as the leading cause of visual
impairment in individuals over 60 years old. Early AMD is characterized by
drusen formation, macular pigmentary changes, and mild to moderate vision
loss [3]. The “dry” or atrophic form of AMD is the most common, featuring
progressive RPE dysfunction, photoreceptor loss, and retinal degeneration. The

3

less common “wet” form, responsible for 90% of severe vision loss due to AMD,
involves choroidal neovascularization (CNV) with intraretinal or subretinal
leakage, hemorrhage, and RPE detachments [4] [5]. Persistent exudation from
the subretinal fibrovascular compartment leads to fibrovascular scar formation,
disrupting the integrity between choriocapillaris, RPE, and photoreceptors, ul-
timately causing central vision loss [3].

RPE cells, crucially involved in maintaining retinal homeostasis, are polarized
with well-developed junctional complexes. They feature basal domains with nu-

merous mitochondria-invaginations, apical domains surrounding photoreceptor
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outer segments, and specialized organelles such as melanin granules, lysosomes,
and smooth endoplasmic reticulum. Functions include forming the blood-retina
barrier, absorbing light, phagocytosing shed rod and cone components, and re-
cycling retinoids essential for photoreceptor function and survival [6]. Altera-
tions in RPE function play a pivotal role in the pathogenesis of retinal diseases
such as retinitis pigmentosa and AMD [6] [7].

Pathophysiological changes in BM during wet AMD compromise normal RPE
functions. Structural alterations in BM’s constituent proteins, which normally
provide a barrier for choroidal vessels, disrupt the regulated transfer of water,
solutes, and macromolecules between RPE and choroid, crucial for RPE sup-
port [6]. Restoring BM’s structural integrity holds promise as a therapy for wet
AMD.

Current treatments for wet AMD, including antiangiogenic drugs, photody-
namic therapy, and laser photocoagulation, do not restore BM’s structure or func-
tion, particularly in advanced cases [3]. A basal membrane capable of supporting
transplanted cell viability and nourishment is thus essential [3]. Efforts have fo-
cused on developing BM substitutes that facilitate functional RPE monolayer de-
livery [6] [8].

Artificial BMs for RPE transplantation have been developed using biocompatible,
biodegradable biomaterials such as modified human amniotic membrane, collagen,
fibrin, and various synthetic polymers (e.g., poly (epsilon-caprolactone) [PCL], poly
(L-lactide-co-glycolide) [PLGA], poly (L-lactide-co-D, L-lactide) [PLDLA],
poly (L-lactide) [PLLA]), silk fibroin-chitosan, and chitosan-gelatin as carriers [6]
[8]-[11]. However, some scaffolds fail to preserve native BM’s structural features
and fail to induce and maintain RPE-like morphology during cell culture [12].
Differences in RPE cell proliferation rates have been noted between polyamide
nanofibrous scaffolds and traditional substrates like plastic or glass [12].

Electrospinning, a well-established technology, produces ultrathin polymer
fibers, including PCL, a biodegradable polyester approved by the FDA for
human applications such as drug delivery systems, sutures, and adhesion bar-
riers [13]-[16]. Our primary objective is to bioengineer novel thin 3D nano-
fibrous membranes using PCL alone and PCL/gelatin combinations (PCL/5% gel,
PCL/15% gel, PCL/30% gel) via electrospinning. These nanofibrous networks
aim to replicate human BM’s structural architecture and function.

Functional analyses of the artificial BMs involved culturing ARPE-19 cells, a
human RPE cell line, on 3D nanofibrous membranes to evaluate cellular adhe-
sion, viability, and morphological polarity. Like native RPE cells, ARPE-19 cells
express specific genes such as RPE65 and Zone-Ocludens-1 (ZO-1) and perform
phagocytosis of shed rod and cone components [6] [17].

Our findings demonstrate that PCL/30% gelatin serves as a viable scaffold for
ARPE-19 cells, promoting cell proliferation, acquiring RPE-like morphology,
and maintaining normal expression levels of key RPE cell markers such as
RPEG65 and ZO-1 after 25 days of culture.
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2. Material and Methods

2.1. Bio-Engineering of Ultrathin 3D Nanofibrous
Polycaprolactone Membranes

First, we fabricated polycaprolactone-gelatin (PCL-Gel) electrospun nanofibers
with different concentrations of Gel (Powder Gelatin Type B; J.T Baker) through
electrospinning process was performed in order to create a random 3D nano-
fibrillar bio-network sharing structural architecture with a functional human
BM. Nanofibers were fabricated by solving PCL (medium molecular weight M,
= 80,000, Sigma-Aldrich) in glacial acetic acid (J.T. Baker) at 19 wt/v% and add-
ing to independent solutions the corresponding amount of gelatin to make 5%,
15% and 30% w/w PCL/Gel solutions in acetic acid. Solutions were stirred at 300
rpm during 72 h at RT. Then, electrospinning was carried out using horizontal
electrospinning equipment assembled in our laboratory. The electrospinning
process was conducted at 17 kV, using a flow rate of 1 mL/h and a collec-
tor-ejector distance equal to 18 cm. Finally, all electrospun fibers were collected
and cut into 8 mm diameters disks and sterilized by UV light exposition (1 = 254
nm) before cell seeding.

After electrospinning membranes were collected, washed with ethanol and
double distilled water (dd-H,O) and oven-dried (36°C). These processes were
performed in a clean room set up to obtain a clinical grade product. After the
fabrication of the fibrils, PCL nanofibrils were chemically cross-linked, cutted,
sterilized and dried for 24 hours before them were used in cell cultures. Mem-
branes were named accordingly to their composition PCL/gelatin wt.% in elec-

trospinning solutions.

2.2. Preparation of RPE Cultures

All study protocols adhered to the provisions of the Declaration of Helsinki for
research involving human tissue. A commercially available human retinal pig-
mented epithelium cell line (ARPE-19) from ATCC. Cells were first grown in
Dulbecco’s modified Eagle’s medium (D-MEM) (Thermo Fisher Scientific) with
10% fetal bovine serum (FBS) until confluence. To ensure sterilization, these
were initially exposed to ultraviolet (UV) radiation for 1 h in a Biostar cabinet
from Telstar S.A. (Madrid, Spain). Thereafter, the cells were passaged by trypsin
and seeded onto different fiber scaffolds in 48-well plates at a density of 3 x 10*
cells cm in the same media for in vitro experiments, empty wells (without scaf-
folds) were used as controls (Standard tissue culture polystyrene (TCPS)). Two
different cell culture protocols were probed in order to determine which one in-
crease the adhesion of ARPE-19 cells onto the membranes. In the first one, 3 x
10%/300 pl cells were seeded onto membranes, in the second one, 3 x 10*/30 ul
cells were seeded onto membranes, and after 30 minutes medium was added to
complete 300 pl. In both protocols DMEM/penicillin-streptomycin 1% and Fetal
Bovine Serum (FBS) 10% (supplemented medium) was used. The plates con-

taining the cultured cells on the electrospun membranes were then kept in an
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incubator at 5% CQO,, at 37°C for 24 hours.

2.3. ARPE19 Viability and Proliferation Assays Seeded onto
PCL/Gel Membranes

ARPE19 cell cultures were deprived of FBS during 24 hours in order to avoid any
participation of FBS components in the following and the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) experiments. Proliferation and via-
bility assays were performed in reference to the manufacturer’s instructions (Cell
Proliferation Kit II (MTT proliferation from ROCHE). The LC50 assay was
conducted (data not shown), and based on the results, it was determined to work
with these three specific concentrations of PCL/gelatin.

The performance of the electrospun membranes was compared to TCPS plate.
Three samples from each group of membranes were individually washed and
transferred to a new 24-well plate containing 200 pl of DMEM/penicillin-strepto-
mycin for MTT assays in order to measure only the cell viability of the ARPE-19
cells that adhered to the membranes. 50 ul of MTT solution were added to each
well. MTT assays were carried out for 45 minutes at 37°C. Finally, for each well
and condition, 100 pl of medium were taken and placed into a new well of a
96-well plate by duplicate. Cell viability, regarding absorbance, was determined
by spectroscopy with a microplate reader at 540 nm (Biotek).

A standard curve of ARPE 19 cells, was used as a reference for MTT assays.
All assays were individually performed four times. Data were analyzed by
one-way ANOVA and Friedman test using GraphPad Prism software (GraphPad
Software Inc.), and p < 0.05 was regarded as statistically significant with a 95%

confidence interval.

2.4. Immunodetection Assays

Immunofluorescence assays were performed to certify the growth and distribu-
tion of ARPE-19 cells after 48 h of seeding. First, cells onto membranes were
washed three times in PBS1X/Tween 0.02%; then, the membranes were incu-
bated for 1 hour in the same solution for permeabilization. Posteriorly, mem-
branes were incubated in PBS1X/BSA 0.02 for blocking unspecific unions. Then,
ARPE-19 cells on different membranes (PCL, PCL/gelatin) were incubated with
monoclonal mouse anti-RPE65 antibody (Novus NB-100-355), rabbit anti-actin
primary antibodies (1:100 dilution, Santa Cruz Biotechnologies, CA, USA) and
rabbit anti-cytokeratin 18 (1:100 dilution, Biorbyt Ltd. Cambridge, UK), over-
night at 4°C. Then, cells were rewashed three times using PBS1X /Tween 0.02%.
Posteriorly, membranes were incubated with secondary antibodies; Alexa fluor
goat anti-rabbit 488, Alexa fluor goat anti-rabbit 594 and Alexa-fluor goat an-
ti-mouse 488 (1:200 dilution). After two hours of incubation, the membranes
were washed using PBS/tween 0.02% four times during 3 min and mounted us-
ing VECTASHIELD Antifade Mounting Media with DAPI (Vector Laborato-
ries). All images were taken at random locations with the confocal microscope
Axio Imager M1 fluorescence microscope (Zeiss). In this analysis, comparation
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were made using PCL as control.

2.5. ARPE19 Cell Morphology by Scanning Electron Microscopy

Eight-mm diameter disc obtained from different 3D nanofibrous scaffolds were
placed in 48-well plates and immersed with the same media for in vitro experi-
ments. A density of 3 x 10* ARPE-19 cells was seeded in the central part of each
disc, and cultured during 25 d. A standard method for SEM preparation was
used [18]. Briefly, specimens, ie, cells on scaffolds, were fixed with 4% para-
formaldehyde/0.5% glutaraldehyde mixture diluted in 0.1M sodium cacodylate
buffer (pH 7.2) at 4°C, overnight. Then, fixative mixture was removed, and
specimens were washed carefully three times with 0.2M sodium cacodylate buff-
er (pH 7.2) at 4°C, using Pasteur pipettes. Postfixation was carried out with 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h, at 4°C.
Once again, the specimens were washed as mentioned and were then dehydrated
with increasingly graded ethanol (30% to absolute ethanol) until propylene ox-
ide, at room temperature. As soon as it was possible, were dried by the Critical
Point method in a Samdri 780A desiccator (Rockville, MD, USA) using CO..
Specimens were mounted on aluminum stubs with silver paste and placed in a
high vacuum evaporator for gold coating during 6 min in a metal ionizing JEOL
JEC-1100 (Fine Coat® ion Sputter, JEOL Ltd, Tokyo, JP). Finally, specimens were
examined with a Zeiss DSM-950 scanning electron microscope (Carl Zeiss, Jena,
DE) at 25 kV and a 10 mm working distance. Electron micrographs were rec-
orded (55 P/N film; Polaroid Corp., Cambridge, MA) of each sample at random

locations.

2.6. Real-Time Quantitative PCR

To confirm the expression of ARPE19 cells, qRT-PCR assays were performed.
Briefly, RNA was isolated from ARPE-19 cells seeded in different scaffolds using
the RNA extraction Kit from ZYMO Research as instructed by the manufactur-
ers. The RNA was treated with RQ1-RNase-free DNase (Promega, Southampton,
UK) to remove any contaminating DNA. First-strand cDNA synthesis was per-
formed on 3 pg of total RNA, AffinityScript QPCR ¢cDNA Synthesis Kit) at 50°C,
according to the manufacturer’s protocol. A reaction containing no reverse
transcriptase was also prepared for each RNA sample as a control (-RT). Fol-
lowing cDNA synthesis, all reactions were treated with RNase H (Invitrogen) to
degrade the RNA template.

PCR was performed on the first-strand cDNA synthesis reaction products,
using the SuperScript III Platinum CellsDirect Two-Step qRT-PCR kit (Invi-
trogen) according to the manufacturer’s protocol with gene-specific primers
(synthesized by Instituto Nacional de Biotecnologia, UNAM, México). The
primers were as follow: RPE65 GCC CAG GAG CAG GAC AAA AGA A FW,
RPE65 GCG CAT CTG CAA GTT AAA CCAT REV, ZO-1 FW
5’-TGCCATTACACGGTCCTCTG-3" and ZO-1 REV
5-GGTTCTGCCTCATCATTTCCTC-3" and GAPDH specific primer pair
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(5’-GGAAGGTGAAGGTCGGAGTCA; 5-CTTCCCGTTCTCAGCCTTGAC) as
a reference gene for mRNA.

Duplicate PCR reactions were prepared using 5 ul cDNA with q-PCR (Bril-
liant IT SYBR® Green QRT-PCR Master Mix with ROX, 1-Step) and 0.2 uM of
gene-specific primer in a total volume of 20 ul. The RT-PCR reaction was per-
formed on a RotorGen (Qiagen, Fast Real-Time PCR System (Warrington,
Cheshire, UK)) according to the manufacturer’s instructions. Fluorescence sig-
nals produced by binding of SYBR Green to new double-stranded amplicons
were collected after each PCR cycle. The manufacturer’s default thermal cycling
conditions were followed (40 cycles of 1 s at 95°C and 20 s at 60°C). Data were
analyzed using Rotor gen Software analysis (Applied Biosystems), and raw fluo-
rescence data were exported into the DART-PCR spreadsheet to calculate rela-
tive gene expression normalized to the geometric mean of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The specificity of all primers was assessed
by gel electrophoresis of amplified products, and examination of the dissociation
curve. The relative expression levels of RPE65 and ZO-1 of ARPE-19 cells on
each membrane levels were assessed using SigmaStat 3.5 software (Systat Soft-
ware, Inc., Chicago, IL). The results were expressed as n-fold induction or inhi-
bition in gene expression relative to endogenous control calculated using the
AAC: method. Two-tailed Student #tests will be performed to compare expres-

sion in each different membrane.

2.7. Statistical Analysis

Triplicate wells were used to calculate proliferation ratios and the final num-
ber of ARPE19 cells seeded onto each different membrane. The viability assay
of ARPE19 cells on different membranes were analyzed in pairs by one-way
analysis of variance (ANOVA) and Friedman tests with SPSS Statistic Soft-
ware (IBM). Data from all experiments were pooled and expressed as the
mean SD. A confidence level of p 0.05 was considered to be statistically sig-

nificant.

3. Results
3.1. ARPE19 Cell Viability Assays in Different Scaffolds

Cell viability studies were performed by spreading ARPE 19 cells on the here
developed membranes. The first assays were performed to evaluate two different
procedures for cell culture onto the membranes, and only significant results are
presented. Cell viability was increased when cells were seeded in a small vol-
ume of DMEM medium (1.5 x 10* cells/100 pl) and allowing the cellular adhe-
sion to membranes for 30 minutes, and the medium was added to complete the
total volume of each well (Figure 1). In these first results, MTT assays shown
that there is a significant increase in optical density (490 nm) in the wells corre-
sponding to PCL/30% gelatin, indicating a significant number of cells added to
this membrane compared to PCL, PCL/5% and PCL/15% (Data not shown).
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Figure 1. Cell viability of ARPE19 cells cultured onto different membranes. Cell viability of
ARPE19 cells cultured onto different types of nanofibrous membranes.; 30,000 ARPE19
cells were resuspended in 300 uL of DMEM medium and carefully seeded in a drop. Cells
seeded onto PCL/15% gelatin and PCL/30% gelatin membranes present major viability
and the results are statistically significant (*p = 0.030 and *p = 0.041 respectively).
ANOVA test was employed to determine statistical significance; and Holm-Sidaks test for
multiple comparisons.

However, the degree of cell proliferation and the number of cells expressed as
the number of viable cells over the membranes could be obtained when a stand-
ard curve of cells was used.

Cells were seeded as we mentioned before, incubated in DMEM medium/10%
FBS/1%penicillin-streptomycin 24 hours, FBS deprived 24 hours, and MTT as-
says were performed. After 30 minutes of incubation in MTT solution, 200ul of
each well containing ARPE19 cells successfully attached onto different mem-
branes as well, the standard TCPS plate used as control were analyzed by spec-
trophotometry using a 96 wells ELISA plate by duplicate. The results showed a
significant increase in the number of cells added on the PCL/15% gelatin (*p =
0.030) and PCL/30% gelatin membranes (*p = 0.041) just below the value of the
cells seeded on TCPS (control) (p < 0.0001) “Figure 1”.

3.2. Immunodetection of ARPE19 Cells on PCL/30% Gelatin

The MTT assays showed that the membranes constructed in combination with
gelatin 30% allow a better cellular adhesion and viability. Considering this fact,
the next experiments were performed only onto the PCL/30% combination and
compared to PCL as control. In order to observe cell morphology and cytoskel-
eton of ARPE-19 cells seeded on these membranes, immunofluorescence (IF)
assays were performed using antibodies to actin cytoskeleton “Figure 2” and cy-
tokeratin18 to observe intermediate filaments “Figure 3”.

To observe the expression of one of the most used RPE markers (RPE65) IF
assays were performed after 25 days of cultured onto PCL and PCL/30%Gel.
“Figure 4” show an RPE-like morphology and a similar expression pattern to
normal human RPE when cells were cultured onto PCL/30% gelatin compared
to PCL.
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PCL

PCL/30%Gel

Figure 2. Immunofluorescence assays on 3 x 10* ARPE 19-cells seeded onto PCL and
PCL/30% gelatin stained with mouse anti-actin, (red) and DAPI to label nuclei (blue).
Observe a major number of cells and different arrangement of actin in cells seeded onto
PCL/30% Gelatin.

Figure 3. Immunofluorescence assays on 3 x 10* ARPE 19-cells seeded onto PCL and
PCL/30% gelatin stained with mouse anti-cytokeratin 18 (red) and DAPI to label nuclei
(blue). Observe a major number of cells and different arrangement of cytokeratin as well
as the more hexagonal morphology in cells seeded onto PCL/30% Gelatin (white arrows).

PCL

PCL/30%Gel

PCL

PCL/30%Gel

Figure 4. Immunofluorescence assays on 3 x 10* ARPE 19-cells seeded onto PCL and
PCL/30% gelatin stained with mouse anti-RPE65 (green) and DAPI to label nuclei (blue).
Observe a major number of cells and different arrangement of RPE65 as well as the more
hexagonal morphology in cells seeded onto PCL/30%Gelatin (white arrows).

3.3. Structural Characteristics of Membranes

Figure 5 shows the SEM images of the electrospun membranes for PCL and
PCL/30%Gelatin. As it can be observed in Figure 5(A), Figure 5(B), Figure
5(D), Figure 5(E) the neat of PCL/30%Gelatin solution resulted in uniform ul-
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trathin fibers (red arrows). These fibers exhibited differences in its nanofibrillar
structure than the PCL gelatin membranes (F), probably due to the effect of the
addition of gelatin.

As it can be seen in Figure 5, as a result of the culture conditions the PCL
membrane partially lost its fiber-based morphology after 25 days in culture. In-
terestingly, it resulted in a more continuous structure showing a reduction of its
fibrillar characteristics. Figures 5(A)-(C) shows the ARPE-19 cells onto the
PCL/30%Gelatine membrane. As we can see, these cells exhibit an RPE-like epi-
thelial morphology, densely packed and present hexagonal shape (green arrows)

and apical microvilli (white arrows in C).

Figure 5. Scanning electron microscopy (SEM) of ARPE-19 cells after 25 days in culture
onto 3D nanofibribous membranes of poly-(e-caprolactone) (PCL/30% gelatine), bio-en-
gineered through electrospinning process. The ARPE-19 cells formed a monolayer of po-
lygonal cells on the PCL/30% gelatine scaffold (A, B, C) but not when were cultured onto
PCL membranes (F). Apical surfaces of ARPE-19 cells showed a rough and furry aspect
due to the presence of abundant and very small protrusions of the membrane (C, white
arrows). This was not observed in the very scarce cells ARPE-19 cells adhered to PCL
membranes (F). Note the presence of very narrow adhesion zones among the contours of
the polygonal cells of the monolayer (A, B, C, green arrowheads). Some areas of detached
cell monolayer, probably in an artefactual way, allowed to observe the 3D nanofibrous
membranes of PCL/30% (A, B, red arrowheads). The 3D structure of these nanofibrous
scaffolds are better observed in regions without adhered ARPE-19 cells (D, E).

3.4. Expression of RPE Markers

To address quantitative changes in gene expression of both principal markers of
RPE cells, we used QRT-PCR to evaluate expression changes of RPE65 and ZO-1
on ARPEI19 cells cultured for 25 days. As we can observe in Figure 6, there are
non-significant changes in the expression of these markers. There is a slight fold
increase on the expression of RPE65 and ZO-1 in cells seeded in PCL/30% gela-
tin membranes. However, as we mentioned before, is not statistically significant.
Suggesting that these membranes do not affect the expression patterns of

ARPE19 cells seeded and cultured on the membranes produced.
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Figure 6. Real-time PCR analysis of RPE markers RPE65 and ZO-1 in ARPE-19 cells
seeded onto PCL, PCL/5%Gel, PCL/15%Gel, and PCL/30%Gel showing that there were
no statistical differences in the expression of both RPE65 (a) and ZO-1 (b) in cells seeded
onto the different membranes. A slight tendency to increase expression of both markers is
observed. The bar graph shows the normalized expression folds in RPE cells cultured on-

to different membranes. Data are the mean SE of four independent experiments. p > 0.05
by ANOVA with posthoc test.

4. Discussion

To Retinal degenerative diseases such as AMD, Stargardt’s disease (SD) Macular
hole, Diabetic retinopathy (DR) and Retinitis pigmentosa (RP) are the leading
causes of blindness worldwide. There are some treatments like anti-angiogenic
drugs, laser photocoagulation or RPE cell replacement therapy [3] [18]. Howev-
er, there is no an effective therapy to stop the progression and more importantly,
to restore the lost vision on these ocular pathologies.

The use of anti-angiogenic therapies for the “wet” form of AMD have shown
the reduction of choroidal neovascularization with intraretinal or subretinal
leakage, as well as, the reduction of hemorrhages, and RPE detachments after
long periods of treatment. In reality, these therapies are not modifying the pro-
gression of these pathologies, only helps to delay it [19]. Regarding RPE cell re-
placement option, it is an excellent idea since it is directed to replace and restore
the RPE and it has been performed in animal models and human patients of
AMD [3] [20]-[22]. Nevertheless, these therapies are far from being perfect, and
there is still ample room for improvement.

In another way, there is a vast number of scientific reports showing advances
in the design, construction, and functionality of a BM for RPE reconstruction in
order to restore vision in different ocular pathologies, such as AMD. [3] [18]
[23]-[25]. Despite these advances, there is a lack of a functional BM capable of
supporting and restoring RPE. An artificial and functional BM have to present a
similar BM natural ultrastructure, resistance to biodegradability and support
RPE cells in cultures.

In this study, we used PCL and a combination of PCL and different concen-
trations of Gelatine (5%, 15%, 30%) as possible biological support for ARPE-19
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cell culture since it can be acquired more efficiently than any other synthetic
substrates.

First, when ARPE-19 cells (3 x 10*) were seeded in a small volume (30 pl) the
cellular viability was increased compared to cells seeded in 300 pl onto these
membranes (Figure 1(A)), we suggest that this result was a consequence of hav-
ing allowed the cells to adhere to the membranes for 30 minutes before to com-
plete the total volume of medium. This procedure was performed on the other
set of experiments.

When a standard curve of cells was used as a reference in order to obtain a more
precise number of seeded cells onto the different membranes, the results show a
significant increase of ARPE-19 cells onto the PCL/15%Gel and PCL/30%Gel
membranes. For instance, both membranes allowed proliferation of these cells un-
til MTT assay were performed.

There is a previous report using PCL/gelatin/Ketoprofen combination. How-
ever, the authors only used one more diluted concentration of gelatine in its
preparation and as we have mentioned before, Ketoprofen (a non-steroidal an-
ti-inflammatory drug [13]. They have fabricated this combination as a drug de-
livery system and when they seeded cells onto its membrane, cells highly prolif-
erated and certain cells overgrowth and show agglomeration [13]. Shadforth et
al., used Bombix mori silk fibroin (BMSF) as a mat for human RPE cells. They
show that BMSF in combination with ECM proteins (laminin, fibronectin, and
vitronectin) increase the cell attachment in long-term cultures of ARPE-19 and
primary cultures of human RPE cells [26]. However, their results shown a slower
growth of human RPE cells seeded onto vitronectin-coated-MBSF [26]. In our
results, there is no an agglomeration of ARPE-19 cells, and MTT assays did not
show any reduction on cellular proliferation when compare to the number of
cells seeded directly on TCPS wells (control). The control TCPS presented a
slightly higher number of cells-attached. This effect is probably due to the ca-
pabilities of the samples to retain the contact between the liquid phase and a
solid surface (wettability). It is well known that highly hydrophobic polymers,
such as PCL tend to exhibit relatively poor cell attachment performance [16]
[23]. Interestingly, as we said before, the PCL/30%Gel membrane showed a
similar attachment performance, in comparison of both TCPS and better per-
formance compared to the PCL membrane. This observation could be due to
the hydrophilic nature of gelatin as well as the high porosity of the fibers
showed in this combination. In this part, we can conclude that membranes of
PCL/30%Gelatine, without any other factor or compound added, are an excel-
lent option to ARPE-19 support.

In addition, to support ARPE-19 or RPE attachment, our membrane or any
material to be used as scaffold for RPE must support and allow a fully differenti-
ated RPE monolayer. Among the principal characteristics of a well differentiated
and functional RPE is the tightly hexagonal morphology, that can be observed
using some RPE markers such as ZO-1, RPE65, or the peripheral distribution of
F-actin fibers and cytokeratin 18 [26]-[29].
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We performed IF assays to observe actin and cytokeratin distribution, as well
as RPE65 in ARPE-cells, seeded in PCL and PCL/30%Gelatin. The results show
differences on actin and cytokeratin distribution. In ARPE-19 cells on PCL, we
observe a more centralized distribution and more stress fibers. However, actin
on ARPE-19 cells seeded onto PCL/30%Gelatine exhibit a reduction in stress fi-
bers and a more peripheral arrangement of actin as well as cytokeratin 18.

These results are like previous reports, where the analysis of F-actin shown a
similar distribution patterns in long term RPE cells cultures grown on BMSF
[30]. It has been demonstrated that low-phagocytic RPE cells possess an abnor-
mal F-actin distribution in RPE cells, characterized by the lack of peripheral and
circumferential F-actin, less apical F-actin and the presence of stress fibers [30].
Our results show that there is a tendency to a re-arrangement of actin and cy-
tokeratin to the cell periphery, and suggest that ARPE-19 cells are recovering
their normal phagocytic activities. However, more studies are needed in order to
prove it.

Regarding to the arrangement of cytokeratinl8, we observe similar differences
between the pattern observed in ARPE-19 cells on PCL and PCL/30%Gelatin. It
has been demonstrated that a continued Cytokeratin 18 expression could help to
preserve RPE epithelial phenotype in long term cultures [25] [31]-[34]. Using
both cytoskeleton markers, we can observe the deposition of ARPE-19 cells onto
the membranes. However, when cells were seeded onto PCL/30% membrane, its
cytoskeleton distribution exhibited a more tightly formed RPE monolayers
with characteristic polygonal RPE-like cell structures suggesting a more func-
tional ARPE-19 cell. Finally, no significant differences appeared between PCL and
PCL/30%Gelatin membranes with respect to the intracellular localization of RPE65
protein by IF. However, our results show that cells seeded onto PCL%30Gelatin ex-
hibit different morphological characteristics. These cells presented a marked po-
lygonal morphology when compared to PCL suggesting that there is a tendency
to a healthy, mature and more differentiated RPE monolayer. Related to this, we
performed qRT-PCR assays to evaluate if these slight differences on ARPE-19
morphology were related to changes in gene expression of RPE markers; RPE65
and ZO-1. Although no statistically significant increased expression was observed
for RPE65 and ZO-1 in cells seeded on any membrane (PCL, PCL/5%Gelatin,
PCL/15%Gelatin and PCL/30%Gelatin), there was a slight tendency to increase
the expression of both markers suggesting that our membranes did not disturb
normal RPE-cell gene expression. Some authors have suggested that the in-
creased expression and maintenance of RPE genes such as RPE65 and ZO-1
over long-term culture, suggests that RPE cells are attached, proliferating and
forming functional monolayers on different scaffolds like our PCL/30%Gelatin
[34]-[37]. Although no significant changes in the expression of these genes were
observed, qRT-PCR analysis showed a ~0.25 increase fold in the of both mark-
ers. This is a remarkable finding because it has been demonstrated that RPE65
deficiency led to alterations in mammalian vision and failures in the retinoid cy-

cle producing human blindness and the increase of RPE expression drives to the
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differentiation of Human Stem Cells to RPE phetnotype [35].

These ARPE-19 cells express the tight junction complex protein ZO-1 without
significant changes. ZO-1 is a junctional adaptor protein that interacts with mul-
tiple other junctional components, including the transmembrane proteins of the
claudin and JAM families. It has been proved that ZO-1 depletion leads to selec-
tive loss of tight junction proteins, loss of barrier formation and loss mecha-
notransducers such as vinculin and PAK2, inducing vinculin dissociation and
finally ARPE-19 cells has been associated with Epithelial-Mesenchymal Transi-
tion (EMT) [36] [37]. In another way, when ZO-1 expression is increased, there
is a correlation with the acquired epithelial morphology characteristics of the
native RPE cells [38] [39]. As a conclusion of this analysis, we observe that our
cells do not reduce its RPE65 and ZO-1 normal expression suggesting the pres-
ence of healthy ARPE-19 cells on our membranes.

Finally, the ARPE-19 cells seeded as well as the constructed membranes using
PCL/30%Gelatin showed a more “natural appearance” compared to PCL and
other membrane-like scaffolds previous reported [40]-[42]. When we observe
our PCL/30/Gelatin, we can see a fibrillar network supporting differentiated
ARPE-19 cells. The membrane made only by PCL did not exhibit characteristics
such as fibrillar network and ARPE-19 cells. The observed changes in the elec-
trospun PCL/30%Gelatin membrane can be related to the electrospinnability of
gelatin from the acetic acid solution, affecting parameters like polymer degrada-
tion [42]. Contrary to what was expected, PCL/30%Gelatin membranes retained
their fibrillar characteristics and exhibited a porous membrane make them per-
meable to nutrient exchange regulated by BM. Besides, the surface topography
and nanofiber arrangement observed in these membranes could increase the
impact on cell functions, cellular adhesion and maturation positively influencing
RPE cell attachment and monolayer formation.

In spite of we used ARPE-19 cells in these experiments, this cell line has been
broadly used as an alternative to human RPE as these cells present epithelial cell
morphology and specific markers of RPE such as RPE65 (abundantly expressed
in the RPE); cellular retinaldehyde-binding protein (CRALBP), a retin-
oid-binding protein involved in the regeneration of visual pigment. Finally, these
cells perform assimilation of outer photoreceptor segments (POS) by phagocyto-
sis [6] [43] [44]. The use of this cell line allows us to demonstrate that mem-
branes composed by PCL/30%Gelatin are an excellent option as a scaffold to
grow, support and differentiate ARPE-19 cells and possibly human RPE cells. As
Xiang ef al has mentioned [18], the ideal artificial BM would exhibit properties
such as: thickness of less than 5 mm; a porous ultrastructure; biocompatibility
for cell adhesion and growth; no expression changes in genes of RPE, preserve
the physiological RPE features like polygonal shape and formation of tight junc-
tions, phagocytosis of ROS, formation of apical microvilli, the polarized secre-
tion of neurotrophic factors, and without inflammation after implantation. Our
results show that these membranes exhibit some of the ideal BM characteristics

for subretinal implantation in patients with wet age-related macular degenera-
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tion (AMD) where there is a rupture of the Bruch’s membrane caused by the
growth of blood vessels. However, longer-term investigation and in vivo studies

need to be carried out to prove it.

5. Conclusions

1) We have shown that our fabricated PCL/30%Gel nanofibrous membranes
provide a micro-architecture mimicking the inner collagenous layer of the hu-
man BM.

2) We demonstrated the superiority of our PCL/30%Gel nanofibrous mem-
brane in their ability to provide an artificial niche for ARPE19 cells which al-
lowed such cells to maintain their bio functionality and morphological charac-
teristics of RPE that additionally presents improved cross-linking characteristics
similar to natural human Bruch’s membrane.

3) The nanofibrous membranes can be fabricated repeatedly and could be
surgically handy.

4) For our knowledge, no previous studies are showing these results on these
kinds of membranes.

5) Finally, it could be used posteriorly in translational medicine for AMD pa-

tients.
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